Loss in strength and ductility is a major drawback for the heat-treatment of solid wood. Previous studies focused mainly on the de-polymerization of cell wall constituents as a cause and the importance of the preferential removal of hemicelluloses. This study tested the hypothesis that the mechanical behavior of wood is additionally affected by re-polymerization reactions within the cell wall matrix during heat-treatment. This was achieved by comparing changes in chemical composition, FT-IR spectra, and mechanical properties of Scots pine sapwood that was heattreated in either dry state in superheated steam or in wet state using pressurized hot water.
Introduction
When exposed to heat, various chemical reactions take place that change the chemical composition and the structural arrangement of the wood cell wall. Chemical changes caused by heat-exposure are induced intentionally during heat-treatment (HT) of solid wood on industrialscale. Various industrial HT processes are operated in Europe, which are reviewed in detail by Militz and Altgen [1] . During most HT processes for solid wood, e.g. the ThermoWood ® process that has the largest market shares of heat-treated wood produced in Europe [2] , temperatures between 160 and 240 °C are applied for several hours to nearly dry wood material. This enables the use of European wood species in exterior applications [1] . However, HT is a balance between improving the dimensional stability [3] and the resistance to decay fungi [4, 5] of wood on the one hand, while reducing its strength and ductility on the other hand [6] [7] [8] [9] . The latter causes problems in load-bearing applications, and can also be the result of heat-induced chemical changes during re-drying of fire-retardant-treated wood [10] , or hot-pressing of wood composites [11] . Despite the many investigations dealing with the change in the macro-scale mechanical properties of wood by heat-exposure [6, 8] , the underlying modes of action remain a subject for research.
Mechanical behavior of heat-treated wood is often determined in quasi-static three-point bending [7, [12] [13] [14] . Stresses developed in three-point bending are a combination of compression stresses in the material at the top of the sample and tensile stresses in the material at the opposite region, while shear stresses develop in the neutral zone, where bending stresses become zero. When testing small clear samples of unmodified wood, the tensile strength usually exceeds the compression strength, thus bending is governed by compression behavior with pronounced inelastic deformation [15] . The effect of HT on the bending behavior of wood is most noticeable as a loss in strain energy (area below the stress-strain curve) caused by a reduction in strength and ductility, while the stiffness remains almost unchanged. The extent of this change in the mechanical behavior is dependent on the treatment temperature and duration applied [7, 9, 14] , and is predominantly caused by the chemical changes occurring in the wood cell wall during HT [9] .
There is a complex link between the chemical composition as well as the ultra-structural arrangement of the cell wall and the mechanical behavior of wood under various loads [16] [17] [18] .
When an external load is applied, the cell wall polymers contribute in different degrees to the strength, stiffness and ductility of the wood. Cellulose microfibrils act as tensile reinforcements.
They exhibit an extremely high modulus of elasticity (MOE) under tension and contribute greatly to the stiffness of the cell wall [19] . Under compression, however, cellulose microfibrils buckle easily [20] . This low resistance against compression loads is compensated by the cell wall matrix that contains a rigid lignin network [20] [21] [22] . Lignin also limits the access of water to the cell wall, enabling it to retain its strength and stiffness in humid environments [23, 24] . However, lignin is not bonded to the cellulose directly, thus hemicelluloses are required as coupling agents that enable the transfer of stresses between the individual polymers, so that the cell wall acts as a continuum. Although hemicelluloses are presumably not bonded to the cellulose microfibrils covalently either, hydrogen bonds between these polymers are formed, which is further supported by physical entanglement within the non-crystalline regions of the microfibrils [17, 25, 26] .
Hemicelluloses are covalently bonded to the lignin by ester, ether and glyosidic bonds to form lignin carbohydrate complexes (LCC) that are difficult to separate [25] .
During exposure of wood to elevated temperatures by HT, many chemical reactions of the cell wall polymers take place, which result in a deviation from the chemical composition and ultrastructural arrangement of untreated wood. Amorphous hemicelluloses are much more sensitive to thermal degradation than the semi-crystalline cellulose or the lignin [27] . Hemicelluloses are hydrolyzed, resulting in shorter polymer chains, and subsequent dehydration leads to the formation of furan-type intermediates, such as furfural and hydroxyl methyl furfural (HMF)
derived from pentoses and hexoses, respectively [28, 29] . Furfural and HMF become volatile at elevated temperatures and are released from the wood to cause a mass loss (ML) [30] .
The change in bending properties as a consequence of HT can often be described as a function of ML [31, 32] , which might be interpreted as evidence that the change in the mechanical behavior is pre-dominantly caused by the de-polymerization of hemicelluloses. Removing the hemicelluloses by HT is believed to affect the load sharing capability of the cell wall, thus internal stresses in wood caused by an external load are no longer distributed over the cell wall polymers as a continuum [6] . As recently reviewed by Winandy [8] , a vast number of studies on the effects of elevated temperature, chemical treatments or biological decay point towards a singular relationship between strength loss and a uniform degradation sequence of the cell wall polymers,
i.e. the hemicelluloses. Winandy [8] hypothesized that strength loss during heat-exposure proceeds in the order of: (1) hydrolytic de-polymerization of side-chain hemicelluloses, which is followed by (2) the hydrolytic de-polymerization of the main-chain hemicelluloses, and finally, at high strength loss levels by (3) the de-polymerization of cellulose and/or lignin.
However, this hypothesis does not consider the many re-polymerization reactions and ultrastructural rearrangements that occur in addition to the de-polymerization of the cell wall polymers [33] . During HT of wood, re-polymerization by ester bond formation [34, 35] , or by condensation reactions involving lignin and furan-type intermediates derived from hemicelluloses degradation [33, 36, 37] , are likely pathways for modification of the cell wall matrix ultra-structure. Such covalent bond formation by re-polymerization is likely to affect the mechanical performance of heat-treated wood. Unfortunately, this effect is often overlooked, because it is difficult to separate the effects of cell wall polymer de-and re-polymerization during HT, as they are interrelated and occur simultaneously.
We hypothesized that re-polymerization reactions contribute significantly to the decrease in strength and ductility by HT. 
Heat treatments
Wet heat-treatment (HTwet): The samples were vacuum-impregnated (ca. 50 mbar for 1 h) with deionized water 24 hours before HTwet. HTwet was conducted in an air bath digester, which held several autoclaves (2.5 l volume) that were heated in hot air while rotating slowly. The samples were placed in the autoclaves together with deionized water in a solid to liquid ratio of 1:20 (g/g). 240 °C, which was held for 180 min. After that, the oven heating was switched off and the temperature decreased to <100 °C within one hour, after which the samples were removed from the oven.
All samples, including the reference samples, were leached with deionized water after the treatment. Dry heat-treated and reference samples were vacuum-impregnated with deionized water before leaching. Within the course of two weeks, the water was changed daily, before the samples were dried carefully at ambient conditions for a minimum of one week and then in an oven by applying the temperature sequence described above. Besides removal of remaining, water-soluble degradation products, the water-leaching caused maximum swelling of the samples to remove any reversible, drying related-effects [13, 38] . The mass loss caused by treatment and leaching, ML (%), was calculated based on the dry mass of each sample before and after the process.
Chemical composition
Samples tested in three-point bending (2.5) were milled and mixed in a Wiley mill to pass through a 30 mesh screen. 6 g of wood particles were extracted in a Soxhlet apparatus with acetone for 
FT-IR spectroscopy
FT-IR spectra were collected using a Bio-Rad FTS-6000 spectrometer (Cambridge, MA, USA) with a MTEC 300 photoacoustic detector (Ames, IA, USA) using a 10 kHz mirror velocity and a resolution of 8 cm
. First, the background spectrum with standard carbon black was measured.
Then, the same acetone-extracted wood particles as in 2.3 were measured after drying at 103 °C for 12 h and cooling in a desiccator with silica gel. A small amount of particles was put into a detection cell, which was placed into the detector. The cell was flushed with helium gas for 5 min before the cell was sealed and the spectrum was recorded. For each measurement, 400 scans per spectrum were collected and processed with the WIN-IR Pro 3.4 software (Digilab, Randolph, MA, USA). The measurements were done in triplicate and all spectra were baseline corrected, but not normalized. Average spectra of these measurements are presented, focusing on the region between 1850 and 800 cm -1 . Additionally, the absorbance ratio (A1724-1736/A2900) was calculated by relating the maximum absorbance in the region between 1724 and 1736 cm -1 to the maximum absorbance at ca 2900 cm -1 .
Mechanical testing
All samples were conditioned at 20 °C and 65 % RH after final drying until the change in mass was less than 0.1 % 24 h -1 and then planed and cut to dimensions of 10×10×180 mm 3 and 20×20×30 mm 3 (r×t×l) for bending and compression samples, respectively. The sample dimensions were determined in conditioned state before testing.
The three-point bending test was conducted with 15 replicates per sample group on a universal testing machine (Zwick 1475) equipped with a 20 kN load cell and combined with a MTS Premium Elite controller. The span length was set to 150 mm and the load was applied in the tangential direction at a rate of 3 mm min -1 . Deflection (δ, in mm) was set to zero at a load (P, in N) of ca. 4 N. P and δ were converted into stress (Ϭ, in N mm -2 ) and strain (Ԑ, in mm mm
respectively, by applying the following equations:
where L is the span length (150 mm), b0 and h0 are the width (mm) and the height (mm) of the samples before testing, respectively. Bending strength (MOR, in N mm ) was computed as the area below the stress-strain curve up to the strain at maximum stress (Ԑmax; in mm mm -1 ), according to equation (3):
Ԑmax and u were divided into their elastic (potential energy) and inelastic (dissipated energy)
proportions as shown in Figure 1 . Elastic strain (Ԑelastic) and elastic strain energy density (uelastic)
were calculated according to equations 4 and 5.
Brittleness was quantified by the brittleness index (BI, in %) as described by Zou et al. [40] for tensile tests on papers, according to equation (6):
A high BI characterizes a material that absorbs very little energy by inelastic deformation until reaching maximum stress. The compression test parallel to the grain was conducted with 18 replicates per sample group on the same universal testing machine, but with a 100 kN load cell. The load was applied in the longitudinal direction at a rate of 1 mm min -1 . Displacement (in mm) was set to zero at a load (P, in N) of ca. 30 N. Stress (N mm -2 ) was calculated by relating P to the cross-sectional area before testing (in mm 2 ) and maximum stress was defined as compression strength (CS).
After completion of the bending and compression tests, the dry mass of the samples was determined after oven-drying at 103°C to calculate the specific gravity (in kg mm ) were computed for each sample. MORspec, MOEspec, uspec and CSspec are given as ratios with the value of the unmodified reference set to 1.
SEM observations
Samples with bending properties close to the group average were selected for the investigation of the fracture surface by scanning electron microscopy (SEM). Samples treated by HTdry at 240 °C and samples treated by HTwet at 170 °C, with bending properties close the group average were selected for the investigation of the fracture surface by scanning electron microscopy (SEM).
Small cross-cuts with a length of ca. 40 mm were taken from the bending samples for SEM observations. The samples were dried at 50 °C and <100 mbar for 24 h and sputter-coated with gold-palladium, before the observation in a Zeiss Sigma VP SEM (Oberkochen, Germany). The observation was limited to the tension side of the fracture surface.
Results and discussion

Chemical composition
The changes in chemical composition support our hypothesis of preferential de-polymerization during HTwet and additional re-polymerization during HTdry. However, the general trend of a decreased percentage of hemicellulose sugars, while the percentage of glucose (mostly originating from the cellulose) and the percentage of lignin increase, was evident for HTwet and HTdry, as can be seen in Figure 2 and Table 1 . It is a result of the preferential de-polymerization of the amorphous hemicelluloses during HT, which causes the accumulation of cellulose and lignin. The presence of water compensated for the lower treatment temperatures and shorter treatment durations during HTwet, due to the catalytic effect of hydronium ions created by water autoionization on de-polymerization reactions. The presence of water also facilitated the formation of acetic acid by cleavage of acetyl groups from the hemicelluloses, which contributed further to the catalytic effect of water [41, 42] . As a result, the ML range was larger for HTwet (max. 25.2 %) than for HTdry (max. 14.1 %), even though the treatment temperatures and durations applied were much lower for HTwet. However, the rate at which the chemical composition changed as a function of ML differed notably between the two process techniques, which can be explained by differences in the ratio of de-polymerization to re-polymerization reactions. [43, 44] . However, there is evidence that the dehydration of sugars to furfural or HMF is less facile in the presence of water, resulting in fewer reactants for re-polymerization. In studies on the hydrolysis of carbohydrates in ionic liquids, it was shown that elevated percentages of water during the treatments increase the monosaccharide yield, but gradually reduce their dehydration to furan-type intermediates (furfural/HMF) and the subsequent formation of humins by condensation reactions involving these intermediates [45] [46] [47] . This water-related effect was first explained by a shift in the chemical reactions according to Le Chatelier's principle [45] . Later, it was suggested that water molecules compete with the hydroxyl groups on glucose and xylose (and possibly on other monosaccharides as well) for available protons, which hinders protonation of glucose or xylose that initiates their dehydration to HMF or furfural, respectively [46, 47] .
Probably, the same effect is evident during HTwet of solid wood, resulting in fewer repolymerization reactions compared to HTdry. hemicellulose degradation products were partly fixed within the cell wall by re-polymerization reactions to add to the wood dry mass. In contrast, ML overestimated the de-polymerization of hemicelluloses during HTwet, because the de-polymerization of the lignin caused additional ML.
ML is obviously only a measure of the wood substance removed, but is insensitive to changes in the structural arrangement within the solid residue. Therefore, differences in formation or cleavage of covalent bonds within the cell wall during HTdry or HTwet are not detected by ML, which needs to be considered during the interpretation of changes in mechanical properties as a function of ML.
The analysis of monosaccharides found in the wood hydrolysates ( Table 1 ) is in line with the degradation sequence of wood under thermal or thermochemical conditions reviewed by Winandy [8] . Monosaccharides found primarily at the side chains (arabinose and galactose) were removed more rapidly by HT than monosaccharides that built the main chain of the hemicelluloses (mannose and xylose). It is also noticeable that while the glucose percentage increased monotonically by HTwet (Table 1) HTdry. Since the cellulose microfibrils are highly ordered, they are mostly inaccessible for water [48] , which makes them very resistant against hydrolysis during HTwet [49] . At temperatures exceeding 200 °C, however, thermal degradation of cellulose begins gradually, which starts at weak links and amorphous regions [50] .
FT-IR spectroscopy
For heat-treated wood, the interpretation of FT-IR spectra is complicated by the various thermal degradation reactions that affect all wood polymers and make it difficult to select a peak that remains unaffected for the normalization of the spectra. Therefore, the spectra were not normalized and only qualitative differences caused by the HT techniques can be derived from Small differences were evident at the peak around 1508 cm -1 , which can be assigned to aromatic skeletal vibrations in lignin [51] . HT caused a shift towards higher wavenumbers, which has previously been explained by the occurrence of condensation reactions within the lignin [51, 52] .
This shift was first evident after HTdry at 195 °C and after HTwet at 160 °C. However, differences between the HT techniques that could be related to condensation and cross-linking reactions involving furan-type intermediates formed from the hemicelluloses and lignin were not found. This is probably, because the absorbance by the aromatic rings of furan-type intermediates and lignin overlap.
Large differences were evident in the region between 1650 and 1750 cm -1 , which is characteristic for carbonyl stretching of ester and carboxyl groups in wood [51, 53] . In unmodified wood, a maximum was found at 1736 cm -1 that was assigned to unconjugated carbonyl and ester bonds found mainly in wood hemicelluloses [51] . As reported previously [54] , this maximum shifted to lower wavenumbers by HT, with a maximum at 1724 cm -1 for the highest treatment temperatures of HTdry and HTwet. This is in line with the formation of a peak at 1722 cm -1 during HT of pure hemicelluloses in a nitrogen atmosphere [35] , as well as with the formation of a peak at 1720 cm -1 during HT of lignin in air [55] , both evidencing the generation of carbonyl groups. Furthermore, new peaks were also formed at 1708 and 1690 cm -1 , probably originating from unconjugated carbonyl and ester groups and from conjugated aldehydes and carboxylic acids, respectively [51] . To quantify differences between the HT techniques, the maximum absorbance in the range between 1724 and 1736 cm -1 was related to the maximum absorbance at ca. 2900 cm -1 (Figure 4) .
The peak at ca. 2900 cm -1 is characteristic for C-H stretching vibrations. Although a small decrease can be expected at this peak [54] , it is less sensitive to HT effects than peaks associated with ester bonds, hydroxyl, carbonyl or methoxyl groups [56] . Furthermore, the change is less ambiguous compared to the aromatic skeletal vibration in lignin (1508 cm -1 ), which can increase or decrease by HT depending on whether the increase in lignin percentage [52, 54] , or the aromatic ring opening in lignin [57] dominates. By HTwet, the absorbance ratio decreased as a function of ML, in line with the hypothesis of (ester-) bond cleavage and hemicellulose de-polymerization dominating over bond formation in the presence of water. Cleavage of acetyl groups from the wood hemicelluloses, resulting in a decrease in absorbance at 1736 cm -1 , is an important step during wood auto-hydrolysis, as it results in the formation of acetic acid [41, 42] . By HTdry, the absorbance ratio increased as a function of ML after a small initial decrease at a ML of less than 5 %. This coincides with an increased absorbance between 1700 and 1730 cm -1 observed by
Kotilainen [54] for dry heat-treated softwoods. It indicates that the formation of ester bonds and carbonyl groups in the wood dominates over de-polymerization and bond cleavage during HTdry.
Esterification reactions involving the carboxylic acids formed during HT and hydroxyl groups in wood [34] , as well as the generation of new carboxyl groups in hemicelluloses and lignin during heat exposure are possible explanations for the increase in the absorption ratios [35, 55] . Besides pyrolytic degradation reactions induced by elevated temperatures, residual air within the superheated steam atmosphere during HTdry might contribute to the increase in absorbance ratio by catalyzing oxidative carboxylation [53, 55] . Carboxyl groups and ester bonds may overlap in FT-IR spectra. However, the carboxyl groups formed are likely to react with hydroxyl groups of other wood polymers in acidic, dry heat conditions to form ester bonds, which would contribute to a more cross-linked cell wall matrix in dry heat-treated wood.
Mechanical behavior
All mechanical properties, except for the brittleness index, were computed as specific values by relating them to the respective specific gravity. Thereby, the direct effect of mass loss that results in the distribution of the stresses over less cell wall material was removed. The calculation as specific values also reduced the remaining impact of density variations in the raw material on the mechanical properties after HT. Therefore, changes in bending properties as a function of ML ( Figure 5 ) can be directly assigned to changes in the chemical composition and/or to changes in the arrangement of the cell wall polymers.
The MOEspec ratio (Figure 5 A) remained nearly constant in the ML range up to 20 % and only a slight decrease to 0.87 was evident for a ML of 25.2 % (HTwet 170°C). This coincides with the many studies that show only a very limited effect of HT on the stiffness of wood [7, 9, 12, 13] . The difference between HTdry and HTwet was very small with only a slight tendency to elevated
MOEspec ratios for HTdry between 2 and 10 % ML. Remarkably, HTdry already lead to a BI above 80 % at ML levels below 10%, indicating that the maximum stress was reached with very little inelastic deformation (Figure 5 D) . At the same ML levels, no significant increase in BI was evident after HTwet. The BI increased to a maximum of 55 % at higher ML levels for HTwet, but the data scattering increased simultaneously. While there were individual samples that showed clear signs of embrittlement in their stress-strain curve, there
were also wet heat-treated samples with a very ductile behavior and a BI well below the reference value. Interestingly, in the ML range between 14 and 20 %, some wet heat-treated samples, particularly those with MOR values above average, showed significant strain-softening effects during bending. This was observed as a monotonic decrease in stress as a function of strain after reaching a maximum, without any visible fracture. It indicates that the samples underwent considerable inelastic deformation before fracture, which is in clear contrast to the abrupt fracture after reaching maximum stress in dry heat-treated samples.
The differences in fracture modes of the dry and wet heat-treated samples, evident from bending test data, were also clearly visible during SEM observation of the fracture surfaces (tension side) of selected bending samples. Wood that was dry heat-treated at 240 °C displayed an almost flat fracture surface perpendicular to the grain (Figure 6 A and B) . In some regions, the fracture surface appeared almost as if cut with a blade without much signs of fibril-structures or other detachments remaining at the cell wall in axial orientation. Such a fracture is typical for the brittle failure of dry heat-treated wood sample tested in bending [58] . In contrast, wood that was wet heat-treated at 170 °C had a more ragged fracture surface with fibril structures being pulled out and sticking up from the cell walls ( Figure 6 C and D), thus resembling a typical fracture surface of a more ductile, unmodified wood sample [58] . This is especially remarkable, because the ML and the loss in hemicellulose sugars recorded was higher for the wet heat-treated sample than for the dry heat-treated sample observed. It may be argued that differences in the bending performance of the two HT techniques were caused by an increased formation of microscopic defects in dry heat-treated samples as a result of shrinkage stresses. Such defects could act as initials at which further crack propagation starts to cause a brittle failure during bending. However, drying was performed in the same way for all samples and no drying occurred during the actual HT processes. Shrinkage is also caused by the removal of cell wall polymers by degradation during HT [59] , which causes stresses within the wood [60] . During HTdry, degraded polymers were removed constantly as volatile compounds [61] , thus shrinkage stresses by polymer degradation built up gradually [60] . Such shrinkage occurred at elevated temperatures at which amorphous polymers are in a softened state [26, 62] , which eases stress relaxation. In contrast, water may act as spacer that prevents shrinkage during HTwet, thus, shrinkage stresses by cell wall polymer removal occurred during final oven drying (40-103°C) after the process, when less cell wall polymers were in a softened state. Therefore, the formation of defects is more likely in wet heat-treated samples, which is in line with the observation of a high susceptibility to macroscopic crack formation in wet heat-treated wood during previous tests (unpublished results) and which renders a microscopic defect-cause unlikely.
Instead, we suggest that the differences in the bending behavior between the two HT techniques were predominantly caused by a mechanism that reduced inelastic deformation in dry heat-treated wood during bending. In theory, a decrease in inelastic deformation during bending would be most noticeable as a reduction in strain energy density and increase in brittleness index. The corresponding strength loss, however, would be less noticeable, because the increase in stress as a function of strain is comparably low in the inelastic region. This coincides with the differences in bending properties observed between HTdry and HTwet. Inelastic deformation involves the rearrangement of the cell wall polymers [63] , which might be hindered by the formation of additional covalent bonds and cross-links in the cell wall matrix by re-polymerization reactions during HTdry. The lack of inelastic deformation in dry heat-treated wood hinders the relaxation of stresses created by external loads, resulting in the built-up of high stress concentrations and a brittle failure of the material. Creation of additional covalent bonds within the cell wall matrix without de-polymerization of wood constituents by treatments of wood with cross-linking agents [64] or by incorporation of a rigid, three-dimensional corset of thermosetting resin such as melamine formaldehyde [65] result in a very similar change in mechanical performance during bending, i.e. in a significantly increased brittleness. Inelastic deformation in unmodified wood during bending originates mostly from compression behavior during which the outer fibers at the top of the sample collapse or buckle [15] . On an ultra-structural level, the cellulose microfibrils buckle rapidly under compression loads parallel to the grain and rearrangements of the amorphous cell wall matrix polymers occur to cause inelastic deformation [20, 21] . Therefore, the results of the compression test parallel to the grain (Figure 7 ), help in understanding the different failure modes of dry and wet heat-treated wood during bending. In case of HTdry, additional covalent bond formation within the cell wall matrix enhanced the wood's resistance against compression loads, as evident from the increase in CSspec as a function of ML. Since HTdry is known to decrease the tensile strength to considerable extent [9] , the increase in CSspec resulted in a large decrease in the ratio of tensile to compression strength.
Consequently, the failure in three-point bending of dry heat-treated wood was presumably caused by a brittle fracture in the tension zone with little or no inelastic deformation originating from compression at the top of the sample [15] .
In contrast, CSspec decreased after HTwet, particularly beyond a ML level of 5 %. This is in line with preferential de-polymerization that results in fewer covalent bonds within the cell wall matrix to resist compression loads. This loss in compression strength limited the decrease in the ratio of tensile to compression strength that would result from the loss in tensile strength caused by the de-polymerization of hemicelluloses in aqueous conditions [24] . Thus, bending failure was still accompanied by compression yielding after HTwet, which resulted in only a slight increase in BI.
In this context, strain-softening effects observed occasionally during bending of wet heat-treated wood can be interpreted as a distinct compression failure caused by an increase in the ratio of tensile to compression strength for a limited number of samples. This may also explain the high data scattering in the BI above 10 % ML caused by HTwet.
Conclusions
The reduction in strength and strain energy density measured in three-point bending of wood that was wet heat-treated in pressurized hot water proceeded along the de-polymerization sequence reported previously. However, the mechanical behavior of wood that was dry heat-treated in superheated steam was additionally affected by the presence of additional covalent bonds and cross-links in the cell wall matrix as a result of re-polymerization reactions under dry heat conditions. Such bond formation hindered the inelastic deformation during bending of dry heattreated wood to reduce strength, strain energy density and ductility to a much larger extent than observed for wet heat-treated wood. We suggest that the reduction in inelastic deformation in dry heat-treated wood originated mostly from an enhanced resistance against compression loads, which prevented compression yielding during bending and caused a brittle failure in tension. The results suggest the role of hemicellulose de-polymerization in causing a brittle behavior of the wood during bending to be much smaller than stated previously.
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